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Time-resolved x-rayK-shell spectra from high density plasmas generated by ultrashort laser pulse

U. Andiel, K. Eidmann, and K. Witte
Max-Planck-Institut fu¨r Quantenoptik, D-85748 Garching, Germany

~Received 2 October 2000; published 23 January 2001!

We present time-resolved x-ray spectra of C, F, Na, and Al, generated by focusing ultrashort frequency
doubled Ti:sapphire laser pulses on solid plane targets. Using a high resolution x-ray streak camera in com-
bination with a laser triggered accumulation system, we achieved a time resolution of 1.7 ps when adding the
x-ray signal of many thousands of laser shots.K-shell resonance line emission with a duration in the range of
2–4 ps is observed. Lya emission is generally observed to be faster than Hea emission and the x-ray pulse
duration is observed to decrease with increasing atomic number. A hydrodynamic code in combination with an
atomic kinetics code is applied for simulation of time-resolved plasma emission, showing good agreement with
experimental data.

DOI: 10.1103/PhysRevE.63.026407 PACS number~s!: 52.50.Jm, 52.25.Os, 32.30.Rj, 06.60.Jn
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I. INTRODUCTION

Ultrashort laser pulses of subpicosecond duration focu
on solid targets generate a short living hot plasma of h
density. Its lifetime depends on several rapid transient p
cesses such as the laser light absorption in the expan
plasma, the transfer of energy into the dense target, and
cooling mechanism caused by heat conduction and ex
sion of the plasma@1#. The progress in the performance
ultrashort pulse laser systems@2# having high repetition rates
allows us to study such plasmas systematically. In particu
the emitted x rays have been a topic of growing inter
during recent years@3–16#. This is motivated by the fact tha
the x-ray emission stems from a dense strongly coup
plasma with properties approaching those present in the
terior of stars@15#. Apart from the utilization of ultrashor
laser pulses, such conditions can be generated in the lab
tory only in inertial confinement fusion~ICF! experiments,
which require huge laser installations in contrast to the m
est size of ultrashort pulse lasers. Besides this fundame
aspect, the short duration of the x-ray emission has sti
lated applications for investigating ultrafast processes in m
ter. Here the x rays serve as a probe pulse in pump-pr
experiments with the goal of reaching subpicosecond t
resolution@17–19#.

The recent advances in ultrafast x-ray streak came
@20,21# has made it possible to study x-ray emission by tim
resolved spectroscopy@13,14,22#. In addition, the technique
of low jitter ~<1.7 ps! laser triggering by photoconductiv
switches allows the accumulation of a large number of la
shots in cases when the signal is weak@21,28#. In this paper
we present time-resolvedK-shell spectra from massive fla
targets with low atomic numberZ, consisting of C, F, Na,
and Al. The experiments were performed with high contr
frequency doubled Ti-sapphire laser pulses of 150 fs du
tion in a modest intensity range of 1016 to 1017 W/cm2. The
simplicity of K-shell spectra facilitates the interpretation
the results by hydrodynamic simulations including atom
kinetics. A similar study with carbon was performed pre
ously by Nantelet al. @14# but with the fundamental~not
frequency doubled! Ti:sapphire radiation. In contrast to ou
results, which show a short emission duration of a few pi
1063-651X/2001/63~2!/026407~7!/$15.00 63 0264
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seconds, in Ref.@14# a long enduring emission of up to abo
200 ps is reported. Time-resolvedK-shell spectra from mas
sive Al targets irradiated by longer 400 fs pulses were p
sented by Kiefferet al. @12#. Other previous work was re
lated to measurement from targets of higherZ elements
~ranging from Fe to Ta! @22#, emission from preformed Al
plasmas@23#, and emission from very thin expanding A
foils @24#.

The paper is organized as follows. In Sec. II we descr
the experimental setup. The streaked spectra and the tem
ral pulse shapes of the main resonance lines~the Ly a and
He a! and of the continuum are presented in Sec. III. In S
IV we compare the experimental results with hydrodynam
simulations, which were postprocessed by an atomic kine
code.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. The ATLA
Ti:sapphire laser system was used for plasma generatio
delivers 250 mJ laser pulses atl5790 Å and a pulse dura
tion of 150 fs. The repetition rate is 10 Hz. By frequen
doubling we improved the contrast ratio to 1010 at 2 ns and
106 at 1 ps before the pulse maximum. Thus preplasma
mation by prepulses is avoided. The energy of the freque
doubled laser radiation (l5395 Å! was 80 mJ. After sup-
pressing the fundamental radiation by a set of four selec
mirrors the laser pulses were focused by anf /3 off axis para-
bolic mirror at 45° angle of incidence on solid flat targe
The focus was imaged on a charge-coupled device~CCD!
camera to determine the intensity distribution@see Fig. 1~c!#.
Peak values of about 531017 W/cm2 are generated. In a
radius of 10mm 40% of the pulse energy is encircled, resu
ing in an average intensity of 731016 W/cm2. By using p
polarization an absorption of 40–45 % was measured a
angle of incidence of 45°@25#. The targets were disks of
few centimeters diameter, which are continuously transla
and rotated to provide a fresh target surface for each la
shot. As target material we used Al, NaCl, LiF, and C~Si-
gradur! with a smooth flat surface.

Time-resolved survey spectra were measured by coup
a transmission grating spectrometer to an x-ray streak c
©2001 The American Physical Society07-1
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FIG. 1. ~a! Experimental setup for time-
resolved K-shell spectroscopy in accumulatio
mode.~b! Raw data of streaked carbon spectru
~accumulation of 12 000 shots!. ~c! Measured in-
tensity distribution in the laser focus.
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era. The transmission grating with 5000 lines per mm w
mounted on a slit of 50mm width. A thin Be filter~thickness
0.1 mm! suppressed radiation at longer wavelengths, in p
ticular in the visible range. The grating to target and grat
to streak camera distances were about 56 cm. The resu
spectral resolution wasDl50.5 Å.

For time resolution we used the AXIS-PX 1 streak cam
@21#. Requiring small changes of the spectral sensitivity
the spectral range of interest, we chose KI cathodes for
and F targets and KBr cathodes for Al and C targets. B
cathode materials have very narrow electron distribution
the relevant energy range@26# to provide high time resolu-
tion. In single shot operation the camera has a time res
tion of 0.7 ps. However, the low collection efficiency of th
spectrometer setup did not allow for single shot operati
For this reason we accumulated up to 12 000 laser shot
installing a laser triggered semiconductor switch~a so-called
Auston switch! @27#, thereby achieving a high signal to nois
ratio of the detected spectra. We used about 0.5 mJ of
fundamental laser pulse energy to illuminate two photoc
ductive GaAs switches for triggering the sweep voltage
the deflection plates of the streak camera with high temp
stability @28#. A remaining small temporal jitter is still gen
erated by fluctuations of the amplified spontaneous emis
~ASE! pedestal preceding the laser pulses of the ATL
system. This leads to small fluctuations of the sweep volt
due to premature discharge of the semiconducting switc
By using a saturable absorber in front of the switches,
suppressed the ASE level substantially and managed to
up with a time resolution of 1.7 ps in accumulation mode
the streak camera, even when we accumulated up to 10
shots@28#. The time resolution of 1.7 ps obtained by us is
outstanding value for Ti:sapphire laser systems with a r
etition rate of 10 Hz which to our knowledge was n
achieved previously~compare Ref.@14#, where a time reso-
lution of 4 ps was obtained!.

An example of a raw spectrum is depicted in Fig. 1~b! for
carbon as target material. The curvature of the streaked s
trum is caused by different electron paths, which are shor
02640
s

r-
g
ng

a

a
h
in

u-

.
by

he
-

n
al

n

e
s.
e
nd
f
00

-

ec-
st

for electrons emitted at the center of the slit and increase
electrons emitted at some distance from the center.

III. EXPERIMENTAL RESULTS

In our analysis the raw data were corrected for the cur
ture as well as for the spectral sensitivity of the photoca
ode. Resulting streaks for the different materials are p
sented in Fig. 2.

The plotted spectra~solid lines! are obtained by integrat
ing the streaked spectra over a time approximately co
sponding to the line duration. As dominating lines we o
serve the 2p-1s (Ly a) and 1s2p-1s2 ~He a! transitions.
The ratio of Lya to Hea intensity decreases withZ. This is
expected because in lowerZ plasmas the hydrogenlike ion
have a lower ionization energy and are therefore more ea
ionized. The Lya line of Al can no longer be identified. This
is in agreement with previous time-integrated Al spec
measured with high spectral resolution by means of a
Hamos crystal spectrometer@15,16#. These measurement
showed that the Lya intensity was lower than the Hea
intensity by a factor of 10. The Hea line of F and the Lya
line of C are clearly broader than the spectral resolut
(Dl50.5 Å!. Their long wavelength wing is less steep th
the short wavelength wing. Time-integrated but spectra
highly resolved Al spectra, which were previously measu
under the same conditions@15,16#, indicate that this spectra
line shape is caused by merging of the resonance line with
satellites in the presence of strong electron Stark broade
due to the high density of the plasma.

Temporal lineouts are taken by spectrally averaging o
the full line profiles, including their poorly resolved satelli
emission. The time history of the resonance lines taken fr
the streaked spectra is shown in Fig. 3. In some cases@see,
for example, the Lya line of carbon in Fig. 3~a!# the time
profiles show asymmetric shapes. A steep rise is followed
a slower decay. We notice that the response of the str
camera is still included in these data. For quantitative eva
7-2
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TIME-RESOLVED X-RAY K-SHELL SPECTRA FROM . . . PHYSICAL REVIEW E63 026407
ation, we unfolded the time-resolved measurements by u
the formula

Dtun f olded5ADtmeasured
2 2Dt res

2 ,

whereDt res51.7 ps is the resolution of the x-ray streak ca
era in accumulation mode. The unfolded duration@full width
at half maximum~FWHM!# of the observed resonance line
is presented in Fig. 4 as a function of the atomic numbeZ.
The duration of both the Hea and the Lya emission de-
creases withZ. Also, the Ly a emission is shorter than th
He a emission. Thus, the larger the ionization or excitati
energies, the shorter the emission. Qualitatively, this beh
ior is related to the fact that the higher ionization or exci
tion energies require a hotter plasma, which is expecte
have a shorter lifetime, as will be discussed in the next s
tion.

We also analyzed the spectral characteristics of
bound-free continuum, which is indicated in Fig. 2 on t
high energy side of the resonance lines. To show the c
tinuum more clearly, we have plotted the spectrum semilo
rithmically in Fig. 5~a! in the case of carbon. The slope
the continuum can be well fitted by the exponential Bol
mann expression@}exp(2hn/kT)#. The temperature obtaine
from such a fit increases with the atomic number. We fi
110 eV for carbon@Fig. 5~a!#, 200 eV for fluorine, 280 eV

FIG. 2. Experimental data for different target materials. Stre
are corrected for curvature and spectral sensitivity of the photoc
odes. Time-integrated lineouts are plotted as solid lines.
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for sodium, and about 300 eV for aluminum. The tempe
ture for aluminum is in reasonable agreement with elect
temperatures deduced from spectral analysis in previous
periments@32#.

In the case of the carbon continuum emission, we a
performed a temporal analysis. The temporal lineout w
taken as a spectral average over the region 25 to 29 Å~or
430 to 500 eV! and is plotted in Fig. 5~b!. After unfolding
the streak camera response, a FWHM duration of 3.2 p
determined from the measurement. This value is very cl
to the carbon resonance line duration plotted in Fig. 4.

IV. COMPARISON WITH NUMERICAL SIMULATIONS

Simulations are performed with theMULTI -fs hydrody-
namic code@1#. It is based on theMULTI code@29#, which is

s
h-

FIG. 3. Time profiles of Lya ~a! and Hea ~b! emission for
different materials. Experimental data are compared to hydro
namic code simulation~full lines!.

FIG. 4. FWHM duration~after unfolding with the time resolu-
tion of the streak camera! for different target elements.
7-3
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a Lagrangian code developed for nanosecond laser puls
teraction with solid targets.MULTI -fs is adapted to subpico
second laser pulses by solving Maxwell’s equations in
steep density gradient plasma. The nonequilibrium betw
electrons and ions is taken into account. Also, a model
electrical and thermal conductivity is included, which can
applied from solid state to high temperature plasma. T
electronic heat transport is described by Spitzer’s heat c
ductivity. The heat flux is limited by the free-streaming lim
i.e., the so-calledf factor is set tof 50.6, which corresponds
to a Maxwellian electron distribution@30#. The hydrody-
namic simulations are performed in one-dimensional pl
geometry. For the time dependence of the laser pulse
assumed a squared sinusoidal function@SL(t)}sin2(pt/2t)
with t5150 fs#.

MULTI -fs calculates the electron temperature and den
in each Lagrangian cell as a function of time for a given la
intensity. In Fig. 6 temperature and density profiles
shown for an Al target at different times as a function of t
spatial coordinatex. The initial target surface is located a
x50. The absorbed intensity in this simulation correspon
to the experimentally determined absorbed intensity o
31016 W/cm2 ~average over 10mm focal radius!. As in the
experiment, the incident laser light isp polarized at an angle
of incidence of 45°. The ablated material expands into
vacuum. In the expanding plasma, the laser pulse is
sorbed, heating the low density plasma up to several k
Due to the process of resonance absorption, the laser en
deposition occurs preferentially at the critical densityrcr
50.025 g/cm3 ~corresponding toncr57.231021 cm23). The
hot electrons created at the critical layer penetrate into
dense target and generate a diffusive heat wave with a ra
homogeneous temperature profile at densities close to s
state. The simulation demonstrates the penetration of the
wave into the target material, while the average tempera
is rapidly decreasing on a picosecond time scale. Within 5
the heat wave has propagated more than 500 nm into
target, still heating the electrons in this volume up to ab

FIG. 5. ~a! Bound-free continuum of carbon. The data are tim
integrated over the duration of the emission. The dashed line is
Boltzmann fit used for temperature determination.~b! Temporal
lineout of bound-free continuum~dots!. Experimental data are com
pared with hydrodynamic code simulation. The simulation resu
plotted as the dashed line and after convolution with the experim
tal response function as the solid line.
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100 eV. After a few picoseconds, a shock wave builds
that is driven by the high pressure generated by the abla
matter.

In our relevant intensity range, greater than 1016 W/cm2,
the hydrodynamic model approaches its limits, because
electron mean free path starts to exceed the scale leng
the expanding low density plasma in the region of the criti
layer. This causes nonlocal heat transport, not taken into
count byMULTI -fs, which uses a local temperature. Neve
theless, in the dense region of the target the penetrating e
trons thermalize quickly because their mean free path
reduced strongly and is still small enough for the develo
ment of a diffusive heat wave. This is confirmed by col
sional particle-in-cell simulation@31# and other experiments
@32#. Since our analysis shows that the emitted radiation
mainly generated in the dense diffusively heated target
gion, we believe that the applied hydrodynamic code is sti
reasonable approximation for our conditions.

We also note thatMULTI -fs neglects density profile modi
fications due to the light pressure. This may slightly mod
the density initially during the interaction with the laser@33#.
Since the duration of the laser pulse of 150 fs is much sho
than the duration of the x-ray emission, we believe th
modifications due to the light pressure are not very import
for our conditions.

To calculate theK-shell emission, the hydrodynamic re
sults of MULTI -fs have been postprocessed by means of
atomic kinetics codeFLY @35–37#. A similar procedure of
postprocessing has been applied previously@34#. It is noted
that MULTI -fs takes into account radiation emission a
transport; however, in a steady state approximation by us
opacity tables@1#. Since the x-ray generation is only a sma

he

s
n-

FIG. 6. Electron temperature and density for different times a
function of the layer depthx for an Al target at an absorbed inten
sity of 331016 W/cm2. The cold target surface corresponds tox
50. The penetration of a thermal wave into the target is illustrat
7-4
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contribution~typically less than 1%! in the energy balance
one can assume that the hydrodynamic behavior is not m
influenced by details of the radiation emission and transp
This justifies our procedure of postprocessing.

The FLY code solves the rate equations for the differe
populations. As input it uses the time history of the dens
and temperature of the Lagrangian layers. Figure 7 show
example of one layer of an Al target, at the depth 90 nm~or
2.4 g/cm2), from which depth the major contribution is emi
ted during the first picosecond. At the top of Fig. 7 the tim
histories of the density and temperature are plotted. Afte
short delay the heat wave has reached the considered
and the temperature rises up to 600 eV at the end of the l
pulse. Then it drops slowly during the next few picosecon
The density is first slightly enhanced due to compress
Then after'0.5 ps expansion sets in. At the bottom, Fig
shows the specific emission of the Hea line. To illustrate the
importance of the transient effect, we compare results of
time-dependent solution of the rate equations~TD! with re-
sults obtained under the assumption of steady state~SS! and
of local thermal equilibrium~LTE!. It is seen that the time
dependent result differs strongly from SS or LTE resu
Both LTE and SS overestimate the onset of emission, w
overionization causes a gap in the emission signal at e
times. In contrast, the time-dependent calculation give
smoother onset of the emission and a longer tail, resultin

FIG. 7. Top: time history of the density and temperature fo
layer at a depth of 90 nm~at t50). Laser parameter and target a
as in Fig. 6. Bottom: time history of the Al Hea emission calcu-
lated with theFLY code under the assumption of steady state~SS!,
local thermal equilibrium~LTE!, and by solving the time-dependen
rate equations~TD!.
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a longer emission time, which is closer to the experimen
observation.

To obtain the total x-ray emission one has to sum over
emission from all layers. The results obtained for the FWH
pulse durations of Hea and Lya lines are shown in Fig. 8 for
the different materials used in the experiment. For a dir
comparison with experimental data, we also plotted the x-
pulses after convolution with the experimental streak cam
resolution (D res51.7 ps! in Fig. 3 ~solid lines!.

The calculated pulse durations~Fig. 8! show the same
trend as the experiment~Fig. 4!. They decrease with the
atomic number and Lya emission is generally shorter tha
He a emission. The absolute pulse durations somewhat di
from the experimental data. The calculated durations of
carbon lines are overestimated, while for the largerZ ele-
ments ~Na and Al! the theoretical pulses are somewh
shorter than the experimental ones. One reason for these
viations may be the fixed intensity chosen for simplicity
the simulations for all elements. Increasing the laser inten
results in longer x-ray pulse durations as shown in Fig. 9
the case of the Al Hea. Experimental data can therefore b
better reproduced when using a lower intensity for carb
and higher intensities for the largerZ materials. This is con-
sistent with the fact that a higher average laser intensit

FIG. 8. The FWHM duration of simulated Lya and Hea emis-
sion from different target materials. The trend of decreasing pu
duration with growing atomic number is consistent with the expe
ment ~Fig. 4!.

FIG. 9. Simulation results for Al Hea FWHM pulse duration as
a function of the absorbed laser intensity.
7-5
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U. ANDIEL, K. EIDMANN, AND K. WITTE PHYSICAL REVIEW E 63 026407
needed for elements with largerZ to createK-shell emission,
because the excitation and ionization energies increase
increasingZ. Considering the focal intensity distribution i
the experiment@see Fig. 1~c!#, the emitting spot size is there
fore expected to decrease with increasingZ. This is con-
firmed by the fact that the temperature found from the c
tinuum increases with increasing atomic number. Also, i
previous experiment it was found that the radius of the s
size of the x-ray emission from a gold target increased w
the x-ray wavelength from about 5mm at '5 Å to 20 mm
radius at'40 Å @32#. This experimental result indicates th
the average intensity of the softer x-ray emission is low
than for the harder x rays.

Another reason for the discrepancies in the pulse dura
between the experiment and the calculation may be the
glect of opacity effects when we did the summation over
contributions from the different layers. To illustrate the sp
tial origin of the line emission, we plotted, in Fig. 10, th
time-integrated specific energy of resonance line emiss
over the areal mass density for different target materials.
aluminum, the emission stems mainly from a thin surfa
layer of about 431025 g cm22 ~corresponding to a 150 nm
thick surface layer in the solid state!. The electron tempera
ture in deeper layers is not high enough for aluminu
K-shell emission to be generated. For target materials w
lower atomic number, deeper layers contribute more e
ciently and the radiating depth is substantially increased.
increase of the calculated line duration for decreasing ato
number~Fig. 6! can be attributed to the fact that the emissi
from deep layers is delayed compared to the radiation fr

FIG. 10. Time-integrated emitted energy per mass as a func
of the areal mass density for Lya ~a! and Hea ~b! line emission.
The emitting region grows with decreasing atomic number of
target material and emission contributions of layers deep inside
target are no longer negligible.
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less deep layers due to the propagation time of the ther
heat wave into the target.

Considering the broad emitting volume deep inside
carbon target material@see Fig. 10~b!#, opacity may influence
the time history of the emitted lines. In particular, the rath
large discrepancy of the carbon Hea line duration between
experiment and simulation may be attributed to opacity
fects. Emission from deep layers can be efficiently absor
in this case on its way to the target surface. Since this em
sion is generated at delayed times compared to the radia
from front layers, opacity will finally shorten the detectab
pulse duration in the experiment. The simulated duration
x-ray emission should therefore be considered as a maxim
value in the case of lowZ target materials, since opacit
effects were not included in our model.

In contrast to the resonance line emission, continuum
diation has the advantage that opacity effects are not im
tant. The time history of the bound-free continuum emiss
observed in the experiment was modeled for carbon as
target material. The result is plotted in Fig. 5~b!. The simu-
lation shows good agreement with the experimental data

V. SUMMARY AND CONCLUSIONS

K-shell spectra from different low and mediumZ materi-
als irradiated with ultrashort laser pulses are presented.
spectra were detected in accumulation mode at 1.7 ps
resolution by means of an Auston switch triggering syste

The pulse durations of the resonance lines are in the ra
of a few picoseconds. Hydrogenlike resonance lines sh
shorter pulse durations compared to heliumlike lines for
elements, while the durations generally decreasing with
creasing atomic number.

Hydrodynamic code simulations postprocessed with
atomic kinetics code agree well with the experimental
sults. The remaining discrepancies are discussed and ca
attributed to intensity and opacity effects. In contrast to
resonance line radiation, the plasma is optically thin for
bound-free continuum, which shows good agreement w
the theoretical modeling.

A very important result of our model is that the emissi
under our conditions stems mainly from the dense targ
which is heated isochorically by electron heat conduct
while the emission from the very hot expanding low dens
front plasma is negligible. This is in agreement with o
previous analysis of time-integrated Al spectra, which in
cated high densities close to the solid state at temperature
250 to 300 eV@15,16#.
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